This paper discusses the possibility of designing selfadaptive fingers with compliant joints capable of pinch preshaping, i.e. seizing an object with only the distal phalanges. Following a discussion on how this can be achieved with non-compliant fingers, the authors presents a new technique that can be applied to compliant fingers. However, this method cannot be followed exactly but, if carefully analyzed, sufficiently approximated providing that certain compliant joints of the linkage have a significantly larger stiffness than the others. The examples of two designs, one two-phalanx finger and a similar design with three phalanges, are presented and discussed. Finally, the behavior of a gripper built using the method presented in the paper is verified using both a dynamic software package and a finite element analysis (FEA) software.
INTRODUCTION
In the past decades, significant efforts have been made to find designs of robotic hands simple enough to be easily built and controlled [1, 2] since most complex robotic hands have not yet met commercial success. The first avenue of research addressing this issue focuses on reducing the number of degrees of freedom (DOF), thereby decreasing the number of actuators required and thus, leading to a less expensive design. Many very interesting prototypes have been proposed following this approach, e.g. the SSL hand [3] , the DIES-DIEM hand [4] and the Cassino finger [5] to name only a few examples that followed this path. However, this reduction of the number of actuators can also be done without actually reducing the number of DOF by taking advantage of self-adaptive mechanisms. Common prototypes based on this technology are either driven by tendons [6, 7, 8, 9] or linkages [10, 11, 12, 13] . Theoretical analyses of these systems have been pioneered by Profs. Hirose [6] and Shimojima [14] more than two decades ago. Using self-adaptive (also referred to as underactuated) mechanisms lead to an automatic-but entirely mechanical-adaptation of the robotic finger to the shape of the object seized [15] . A classic example of a self-adaptive two-DOF finger driven by linkages and its closing process are illustrated in Fig. 1 from [15] . This finger is actuated through the lower link (cf. arrow) and a spring in combination with a mechanical limit is used to maintain the finger fully extended and keep the phalanges aligned in the pregrasping phase when no external contact has yet occurred. First, the finger behaves as a single rigid body in rotation about a fixed pivot but when contact is made with the proximal phalanx, the actuation torque will overcome the preloading of the spring and the second phalanx is rotated. Finally, both phalanges are in contact with the object and the finger has completed the shape adaptation. Note that this closing sequence is obtained with a continuous motion of the actuator and that no sensor is required. In the final stage of Fig. 1 , the actuator force is distributed among the two phalanges in contact with the object. Self-adaptive fingers are based on two elements: first, a transmission linkage and second, passive (often triggered) elements such as the preloaded spring in Fig. 1 .
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A , U S A , S e p t e m b e r 2 0 0 9 in which motion and force are transmitted among various members of the system through relative flexibility. Constructing a mechanical device using compliant joints offers several interesting features such as the absence of clearance/backlash and often, a reduced cost since the joints can be machined directly in the part. The combination of self-adaptive fingers and compliant mechanisms was only natural and lead to several designs driven again either by linkages [16, 17] or tendons [18, 19, 20] . Yet, the question of the preshaping of these fingers has never been addressed to the best of the authors' knowledge.
PINCH PRESHAPING
The preshaping of a finger is defined as the set of geometric configurations it undertakes when it is actuated but no contact has yet occurred [21, 22] . This issue is often overlooked in designing self-adaptive fingers and most prototypes have springs located between their phalanges (or a kinematically equivalent design). In this case, all the phalanges tend to stay aligned during the pregrasping phase. One of the few references discussing this issue [23] inspected it with respect to extreme dynamic situations (accelerations close to 100 g) which is of no concern with most prototypes. Another type of preshaping of a few self-adaptive fingers [24, 25, 26] allows them to pinch objects instead of enveloping them by maintaining the angle of the distal phalanx perpendicular to the palm as illustrated in Figs. 2 and 3 . This allows the efficient seizing of objects with linear edges, i.e. with a large contact areas. More generally, pinch grasps are one of the six main classes of grasps described in [27] which have subsequently refined and studied in well-known grasp taxonomy references [28, 29] . The capability for pinch grasp is an important feature common to most robotic hands where the motion of each phalanx can be independently controlled. However, this is not the case with self-adaptive fingers. Most robotic hands performing pinch grasps also take advantage of either round or/and deformable fingertips. Both solutions are perfectly valid but present significant disadvantages when one tries to adapt them to selfadaptive fingers. Considering round fingertips, the latter reduce the contact between the finger and the linear object to a single point (in the plane) which generally leads to weak grasps and relies on friction to ensure stability. Deformable fingertips, on the other hand, require an additional (often rubbery) coating to be applied to the surface of the finger. This prevents the finger from being built with a single machining operation which is arguably the main advantage of compliant mechanisms. It is the aim of this paper to present a new method to achieve pinch grasp with compliant self-adaptive fingers driven by linkages by carefully designing their joints. First, let us briefly recall how existing prototypes achieve pinch P r e p r i n t o f a p a p e r f r o m t h e A S M E I n t e r n a t i o n a l D e s i g n E n g i n e e r i n g T e c h n i c a l C o n f e r e n c e s , S a n -D i e g o , C
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preshaping. Several methods have been proposed, namely:
1. an additional "transmission" linkage [24] in a parallel plane to the original linkage, 2. a complex cam-linkage mechanism that can be disengaged [25] , 3. a combination of two interconnected struts with nonreversible valves dubbed the "air parallelogram" [26] .
However, all these solutions cannot be easily (if at all) applied with compliant mechanisms. The method presented in this paper takes advantage of the fact that some passive elements proposed with self-adaptive fingers actually lock the joint in which they are placed. However, the joint is only temporarily locked: until a contact occurs with the finger and the actuator torque overcomes the passive element allowing the associated joint to rotate. If the architecture of the finger when the passive triggered elements are in action is a parallelogram, the distal phalanx can be selected as the coupler of this parallelogram and therefore, it will maintain a constant orientation. The method is illustrated in Fig. 4 . This method cannot be directly applied to compliant mechanisms since the required triggered elements are not available. However, it can b approached by changing the relative stiffness between the joints. This paper is based on this idea. For instance in Fig. 4 , if the stiffness of certain compliant joints are significantly larger than these of the other joints, the former joints will deflect very little during the pregrasping and thus, the parallelogram shape can be (approximately) kept. The question remaining is how larger this relative stiffness must be? This paper aims at answering this question and gives two examples.
TWO-PHALANX DESIGN
The first example deals with a two-phalanx design previously proposed in [30] and illustrated in Fig. 5 . The finger has two phalanges and is driven by a simple linkage consisting of three revolute joints. Since the finger is compliant, springs modeling living or notch hinges are located in all the joints of the mechanism. Actuation is provided to the lower link of length a and is modeled by a torque T a .
To quantify the motion during the preshaping, one must compute the deflections in all the joints of the mechanism when it is subjected to the driving torque, without any external forces. The first equations that must be satisfied are the kinematic closure of the linkage, namely:
Since the finger has two DOF, its configuration is completely described using the first two phalanx angles α 1 and α 2 . These angles are generalized coordinates for the linkage. The virtual work of the finger during a motion is then computed, namely,
where T i = −K i ∆β i is the torque in the i th joint of the finger due to its compliance. The latter is characterized by a stiffness K i and an associated deflection angle ∆β i . The actuation torque is noted T a as previously mentioned. Applying the principle of virtual work [31] , each of the generalized forces must be zero which yields
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The coefficients A to D are kinematic variables defined as
The latter set of equations allows to compute the motion undergone by the finger as a function of the actuation torque T a . These equations are however highly nonlinear and are therefore not solved explicitly but numerically.
As an example, let us consider a compliant finger made of polypropylene, a thermoplastic polymer commonly used in compliant mechanisms with a Young's Modulus E = 1.39 GPa. The geometrical parameters of the finger considered here are presented in Table 1 . With the exception of joint O 4 , all the joints are supposed to be identical and chosen as circular notch hinges (depicted in Fig. 6 [30] ). The stiffness of this particular geometry of compliant hinge can be estimated to [32] 
The stiffness ratio of the finger is thereupon defined as
i.e. the ratio between the stiffness in joint O 4 and the other joints. The O 4 joint is assumed to be of the same geometry but with different geometric parameters in order to increase its stiffness as required to maintain a parallelogram shape of the linkage and thus, the pinch preshaping. The configuration where (α 1 , α 2 ) = (π/4, −5π/180) and is chosen to correspond to the resting configuration of the finger, i.e. with no deflection in any joints (all elastic torques are zero). which measures the angle of the distal phalanx with respect to the y-axis. Ideally, this angle-the orientation of the distal phalanx with respect to the ground and thus, the palm-should be zero for any configuration of the finger inside the workspace. However, this is not possible without a triggered element. If the workspace of the proximal phalanx is defined as α 1 ∈ [π/4, 3π/4] and the stiffness ratio is 20, a significant range of variation for the deflection angle φ must be expected (it reaches a value close to 42 • ) as illustrated in Fig. 7 . The same procedure can be repeated to analyze the relationship between the maximal value of φ and the stiffness ratio, as illustrated in Fig 8. The value of the stiffness ratio ranges between 1 and 150. Please note that the x-axis of this figure is logarithmic to emphasize the low values of the stiffness ratio which might be more practical. It is shown that, in order to maintain a maximal value of φ under 30 • , the stiffness ratio should be close to 33. To obtain this ratio, the thickness t of joint 4 should be increased to approximately 4 mm (from an initial value of 1 mm) if the other geometric parameters of the hinge are left unmodified. Attention should be paid to eq. (8) to select a geometric parameter with a variation yielding the maximal impact on the resulting stiffness. In this simple example, the parameters can be readily identified to being t.
THREE-PHALANX DESIGN
The procedure proposed in the previous section can be extended to three-phalanx designs, which are more commonly found, probably due to anthropomorphism. The mechanism considered and illustrated in Fig. 9 is very similar to the previous one in the sense that the transmission linkage is again constituted by three revolute joints. Yet, in this case it drives a three-phalanx finger. Actuation is again provided to the lower link of length a and is modeled by a torque T a .
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The generalized coordinates are chosen to be the three phalanx angles α i with i = 1, 2, 3. The virtual work associated with the finger is:
As usual, T i = −K i ∆β i is the torque in the i th joint of the finger due to its compliance and it is characterized by a stiffness K i with a deflection angle ∆β i . Applying the principle of virtual work yields
The coefficients A to F are the kinematic variables defined as
Eqs. (14)- (16) allow to compute numerically the motion undergone by the finger as a function of the actuation torque T a . As an example, let us consider the geometric parameters presented in 5 P r e p r i n t o f a p a p e r f r o m t h e A S M E I n t e r n a t i o n a l D e s i g n E n g i n e e r i n g T e c h n i c a l C o n f e r e n c e s , S a n -D i e g o , C
A , U S A , S e p t e m b e r 2 0 0 9 Table 2 . This time, a living hinge illustrated in Fig. 10 is considered for a practical design. Living hinges might seems antithetical to the main advantage of compliant mechanisms namely a part machined from a single piece with no assembly. However, it has been chosen to illustrate the generality of the method which can be used for any type of compliant hinge. Furthermore, this type of hinge can be very easily and accurately simulated without a FEA software (cf. last part of this Section). The living hinge proposed here is defined by three parameters p, t and l. The equivalent stiffness of the resulting joint can then be approximated by [33] 
where E is the elastic modulus of the material inserted (polypropylene again), I is the cross-sectional moment of inertia of the insert and l is the length of the joint. Using eqs. (11)- (19), one can compute the motion of the finger, i.e. the angles α i with i = 1, . . . , 5, as a function of T a . The definition of angle φ in eq. (10), characterizing the effectiveness of the preshaping, must be slightly modified in the threephalanx case to
Again, this angle can be plotted with respect to α 1 considering a finger with for instance a stiffness ratio of 27 (see below for the rationale of this particular value), cf. Fig. 11 . Note that the shape of the resulting curve is very similar to the two-phalanx case. Similarly, the maximal deflection angle for a given workspace can also be studied with respect to the stiffness ratio as illustrated in Fig. 12 . The behaviour of the finger has been verified using a dynamic simulation package (cf. Fig. 13 ) and confirmed the effectiveness of the method discussed in this paper. This package 1 was chosen since it can approximate living hinges by automatically generating a lumped compliance beam and is very fast at computing the dynamic behavior of mechanisms, much faster than a standard FEA software. Two closing sequences are illustrated of a gripper constituted of two identical three-phalanx fingers built following the design methodology presented in this section and using the geometric parameters of Table 2. Note that both the enveloping grasp and pinch grasp are successful with asymmetrical object (the objects are not centered with respect to the gripper axis of symmetry). The joints in O 3 and O 5 have a stiffness increased 27-fold with respect to the other joints. This substantial increase 1 namely, ADAMS by MSC Software.
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Note that the preshaping is not perfect and a deflection (φ = 0) can be seen in Fig. 13 during the pregrasping. This was predicted using the modeling developed in this paper. Indeed, what can be learned from our results is that the stiffness ratio must be very large for the finger to maintain a minimal deflection. Yet, even a reasonable deflection allows for pinch grasp as illustrated in Fig. 13 providing the angle φ is positive and kept small. A compromise must be found between this stiffness ratio and the required actuation torque which is negatively impacted by large values of the latter. Finally, the same grasping sequences were reproduced in a FEA software in order to further validate this behavior but also to obtain accurate values for the maximal stresses in the joints as well as the necessary actuation torque.
The results are listed in Table 3 . The motion of the finger was close to the results of the dynamic package and the computed actuation torques small. However, the maximal stresses reported are high for molded polypropylene and indicate that the finger might retain a plastic deformation. Molded polypropylene are reported [34] with a yield tensile strength up to 369 MPa but sometimes as low as 12 MPa. Hence, if this design is to be built, the actual mechanical properties of the material should be verified. In this case, the grade of the polypropylene must be carefully chosen. This limitation is understandable since the range of motion in the joints of the finger is very large in both examples and the joints have not being designed to tackle this issue. The material selection of an actual prototype is a very important issue but this depends on many other factors (price, biocompatibility, machinability, etc.) and is beyond the scope of this paper. 
CONCLUSION
This paper is part of a continuing effort by the authors and fellow researchers to use compliant mechanisms with selfadaptive grippers. It illustrated a design methodology aiming at giving these systems another feature considered of importance with common (not compliant) prototypes: the ability to perform pinch grasps. To achieve the latter, the authors propose a new 7 P r e p r i n t o f a p a p e r f r o m t h e A S M E I n t e r n a t i o n a l D e s i g n E n g i n e e r i n g T e c h n i c a l C o n f e r e n c e s , S a n -D i e g o , C
A , U S A , S e p t e m b e r 2 0 0 9 method based on modifying the stiffness of certain joints. Using different joint stiffnesses and hence different geometries in a compliant mechanism to achieve a particular behavior is proposed here for the first time to the best of the authors' knowledge, at least for self-adaptive fingers driven by linkages. Numerical simulations were realized to support the effectiveness of this approach. Yet, several important practical issues must still be investigated: grasp stability, movable objects, generated contact forces, large range joint design, life in fatigue, plastic deformation, creep, stress relaxation, and sensitivity to machining tolerances to name but a few. Furthermore, replacing a standard revolute joint with a flexible hinge is imperfect by essence since the center of rotation does not remain at the center of the joint. This issue is critical with compliant mechanisms used for precision positioning but are usually not a major concern with underactuated gripper since what matters most with the latter are acknowledged to be the generated contact forces [35] , not the motion of the phalanges. Another significant difference with standard mechanisms used for positioning is that the control scheme used to drive underactuated grippers is usually very simple, a constant torque with no feedback (open-loop) has been shown to work very well [11] . Finally, the challenges facing the designer willing to combine compliant mechanisms and self-adaptive grippers are numerous and many issues are unresolved that need further investigations. Nevertheless, as a first step in the direction of more capable compliant self-adaptive grippers, this paper yielded a promising start.
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